Adrenomedullary chromaffin cells represent an excellent model to study the molecular events linked to exocytosis, since they use the same type of SNAREs for vesicle docking and fusion as neurons. In these cells, both in the intact tissue and in isolated cells in culture, syntaxin-1 and SNAP-25 are present in the plasmalemma unevenly distributed in patches of 400-600 nm in diameter, even when exogenous SNAREs are expressed. In fact, the expression of SNAP-25 fused to green fluorescent protein (GFP) has been useful to study the movement of these clusters by TIRFM. These microdomains move little in the plasma membrane plane but they undertake relatively large displacements of 100 nm in the axis perpendicular to the membrane. Movement in either axis is dependent on molecular interactions within the SNARE complex and indeed, clusters formed by SNAP-25 Δ9, the product of Botulinum neurotoxin A cleavage, undergo larger displacement. Interestingly, altering the movement of SNARE clusters also influences the mobility of the chromaffin vesicles associated with these SNAREs. Furthermore, the probability of vesicle fusion is much lower in the more mobile vesicles present in cells expressing SNAP-25 Δ9, which also have slower fusion kinetics. Finally, we discuss some of the factors that could influence the movement of SNARE clusters and how these dynamics may influence the mobility and the fusion properties of the vesicles in the vicinity of active sites.
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Chromaffin cells and SNARE mediated exocytosis
Fusing the vesicular membrane with the plasmalemma is a key event in the release of stored active substances from excitable cells, a process known as exocytosis. This calcium-dependent event has been extensively studied in a variety of cell models, ranging from the fast and transient release of neurotransmitters in neurons to the relatively slow and sustained secretion of hormones. Neuroendocrine chromaffin cells lie somewhere between these extremes, and they have traditionally been employed as an excellent model of exocytosis, mainly due to their ease in preparing large and homogenous population of cells that can be obtained to carry out biochemical studies (Livett 1984) . The use of these cells has been extended thanks to the presence of large dense granules that enable biophysical studies to be carried out on vesicle motion (Steyer et al. 1997; Oheim et al. 1998 ) and on individual fusion events (Jankowski et al. 1992 ; Albillos et al. 1997) , making chromaffin cells an interesting model to study the molecular events linked to the final steps of the secretory process. In these cells, as in all constitutive and regulated secretory systems, the assembly of plasma membrane proteins (t-SNAREs) with their counterparts in the vesicular membrane (v-SNAREs) seems to provide the specificity required for granule docking, probably representing the essential machinery for vesicular fusion (Weber et al. 1998) . In fact, the formation of a ternary complex between syntaxin 1, SNAP-25 and the vesicular synaptobrevin II has been demonstrated in chromaffin cells (Hodel et al. 1994; Roth and Burgoyne 1994) , and these SNAREs are also the common constituents of the neuronal secretory machinery (Sollner et al. 1993) . Indeed, there is increasing evidence from the use of neurotoxins (Penner et al. 1986; Bittner et al. 1989; Bittner and Holz 1993; Lawrence et al. 1994; Gil et al. 1998; Xu et al. 1998) , through the design of specific peptides (Gutierrez et al. 1995a; Gutierrez et al. 1995b; Gutierrez et al. 1997) , and by expressing 4 specific SNARE constructs (Criado et al. 1999; Wei et al. 2000; Gil et al. 2002; Sorensen et al. 2002) validating the importance of the role played by SNAREs in chromaffin cell exocytosis.
SNARE organization in chromaffin cells
Although, it is clear that there are no proper "active zones" in chromaffin cells, highly specialized sites on the presynaptic membrane where vesicles accumulate and dock (Heuser and Reese 1981) , it is also evident that catecholamines are released from discrete areas of the plasma membrane in these cells, the so-called "hot spots" (Robinson et al. 1995) . Hence, the question arises as to whether this phenomenon is related to the organization of the secretory machinery in these neuroendocrine cells. Most of the initial studies reported that SNARE proteins formed annular patterns in chromaffin cells, compatible with their presence in the plasma membrane (Roth and Burgoyne 1994; Grant et al. 1999) . Later on, confocal microscopy revealed an discontinuous distribution of these proteins in membrane patches (Gil et al. 2001) , which was related to the presence of syntaxin 1/SNAP-25 dimers (Hohne-Zell and Gratzl 1996; Rickman et al. 2004; Lopez et al. 2007) . These dimers also form when exogenous SNAREs are expressed in chromaffin cells (An and Almers 2004; Lopez et al. 2009) . Therefore, such clusters (see Figure 1 ) seem to represent the preferred distribution of t-SNAREs in the polygonal chromaffin cells that form part of the adrenal medulla, as well as in isolated and cultured cells, and even in the cells expressing exogenous SNAREs. SNARE clusters have also been reported in other cell systems, such as PC12 pheochromocytoma cells (Lang et al. 2001; Chamberlain et al. 2001 ) and β-cell lines (Ohara-Imaizumi et al. 2004) , where they are associated with the presence of cholesterol rich domains (Lang et al. 2001) . It is not clear how many molecules form these SNARE microdomains, however the clusters are around 400-600 nm in diameter when observed by confocal microscopy (Lang et al. 2001 , Rickman et al. 2004 An and Almers 2004; Lopez et al. 2007) . This makes them slightly larger than the average chromaffin granule, although the size of these clusters is clearly overestimated due to the limited resolution of 180 nm in the membrane plane associated with conventional confocal microscopy. Recent calculations based on stimulated emission depletion (STED) microscopy, reduced the size of SNARE homo-clusters formed by syntaxins to 60-70 nm in diameter, containing 75 densely packed molecules (Sieber et al. 2007) . Therefore, we conclude that SNARE homo-or hetero-microdomains may contain a minimum of about one hundred molecules, which makes it difficult to imagine the true multiple interactions involved in processes, such as vesicle tethering of docking. This clustered organization seems to persist during the secretory cycle since syntaxin-1, SNAP-25 and synaptobrevin colocalize with dopamine--hydroxylase, a granule membrane marker incorporated into the plasma membrane during exocytosis (Lopez et al. 2007) .
SNARE cluster dynamics in the plasma membrane
A new dimension to the complexity of SNARE organization was introduced when the dynamics of the clusters formed by GFP-SNAP-25 were studied using total internal reflection fluorescent microscopy (TIRFM: Lopez et al. 2009 ). Such clusters contain syntaxin 1, and they are located in the plasma membrane, co-localizing with dopamine β-hydroxylase that incorporates into the membrane after fusion. These heterologous microdomains undergo random movement with an average speed of 20 nm/s, which corresponds to relatively slow moving patches that can displace one microdomain diameter in 30 s if linear displacement only is undertaken. However, due to the continuous reversal in the direction these clusters rarely move more that one cluster diameter over a period of one minute. Interestingly, SNARE microdomains are relatively motile in the plane perpendicular to the membrane (z plane), displacing 100 nm in a few seconds. It is important to note that this distance is an incremental value, and it is therefore independent of the estimated distance between the plasma membrane and the coverslip where the TIRFM evanescent pathway originates. If we consider whether these movements are a consequence of the interactions between SNARE proteins, this does at least in part seem to be the case. The expression of GFP-SNAP-25 Δ9, the product of Botulinum Neurotoxin A cleavage (Schiavo et al. 1993; Blasi et al. 1993) , forms morphologically similar membrane patches that move more freely in both the XY and Z plane in chromaffin cells (Lopez et al. 2009 ). Furthermore, elevating intracellular calcium reverses the highly mobile state of SNARE clusters that is characteristic of SNAP-25 Δ9 expression, reverting towards the relatively immobile state associated with the wild type SNAP-25. This is consistent with the reported effect of high calcium in overcoming the effects of Botulinum Neurotoxin A activity, promoting synaptotagmin binding to SNAP-25 when this protein is associated with the SNARE core complex (Lynch et al. 2007) .
The mobility of the SNARE cluster seems to be dependent on the molecular interactions inside the core complex, although the magnitude of this motion is somewhat puzzling.
The x-ray structure of the assembled SNARE complex indicates that it forms a 12 nm bundle (Sutton et al. 1998) , and the predicted distances are around 10 to 15 nm, supposedly reflecting single molecule interactions (Figure 2 ). It might be argued that other molecular interactions could influence this motion, such as the formation of binary complexes like that formed by syntaxin 1 and synaptobrevin II (McNally et al. 2004; Liu et al. 2005) . However, even in this case the predicted Z motion would be in the range of 7 reported. What could cause this discrepancy? In the first place the changes in the degree of membrane invagination might underlie such movements in the z plane, although TIRFM measurements of the FM1-43 labelled plasma membrane reported no changes in association with SNAP-25 Δ9 expression (Lopez et al. 2009 ). Another possibility is that interactions among the dozens or hundreds of SNARE complexes that contribute to the SNARE microdomains may play a fundamental role in this motion, in addition to the short range interactions inside the individual complexes.
Vesicle motion and SNARE cluster dynamics are associated with the proximity of active sites.
It is remarkable that the speed distribution and the diffusion coefficient that define the movement of SNARE clusters are similar to those associated with vesicles studied under TIRFM. Furthermore, a major consequence of altering the dynamics of SNARE microdomains through the overexpression of SNAP-25 Δ9 is a parallel change in the movement of the vesicles that co-localize with these clusters (Lopez et al. 2009 ).
The close relationship between SNARE clusters and vesicle dynamics explains the reported effect of Botulinum Neurotoxin on the lateral motion of chromaffin granules (Tsuboi et al. 2001) . Moreover, it also clarifies why a shorter residence time is estimated for the vesicles closely apposed to the plasmalemma in cells expressing this neurotoxin (Johns et al. 2001) . Taken together, these studies suggest that altering the Cterminal domain of SNAP-25 causes the formation of SNARE complexes with an open conformation, which have a different stability than wild type complexes (Gil et al. 2002) and they alter the movement of SNARE clusters and consequently, of the vesicles as well. These results are consistent with the idea that the primed and docked states 8 could be distinguished by the mobility of the vesicles (Nofal et al. 2007) and that tSNAREs could influence the tethering process (Toonen et al. 2006 ).
The consensus emerging from all these studies is that in chromaffin cells, the formation of SNARE complexes in the open or closed states affects the intermolecular interactions, leading to the generation of SNARE microdomains with a distinct mobility. As a consequence, the dynamics of the vesicles that are linked to their active sites through these patches are altered.
SNARE cluster dynamics and exocytosis
Since a variety of experimental manipulations altering the conformation of the SNARE complex, affect the dynamics of both SNARE clusters and their associated vesicles, it is interesting to look for the relationship between these changes in dynamics and the role of exocytosis. Expression of the SNAP-25 Δ9 construct has been instrumental in altering the mobility of SNARE patches and indeed, this construct has been used to prove the function of SNAP-25, and by extension the SNARE complex, in the final stages of exocytosis. Although it should be noted that there is still some controversy surrounding this issue, kinetic changes in the fusion process have been reported (Criado et al. 1999; Xu et al. 1999; Gil et al. 2002) while the kinetics of single vesicle fusion is also thought not to be affected (Xu et al. 1998; Graham et al. 2002) . "Patch Amperometry", the most sensitive technique to study the properties of individual fusion events, seemed to have recently proven that SNAP-25 Δ9 did indeed alter the rate of expansion of the fusion pore, thereby slowing single vesicle fusion kinetics (Fang et al. 2008 ).
These and other studies have been instrumental in proposing a role for the "tight" conformations of the SNARE complex in promoting efficient fusion. Nevertheless, the question still remains as to how the direct correlation between SNARE cluster motion and fusion kinetics can be studied? Recently, the movement of chromaffin granules and their fusion was directly observed using acridine orange and TIRFM (Lopez et al. 2009 ). This acidotropic compound accumulates in the vesicles and it changes its fluorescence properties after granule neutralization during exocytosis. Accordingly, this technique can be considered as an optical analogue of amperometric spikes, and it could be used to study release kinetics, although low laser intensity has to be used to avoid light induced vesicle fusion (Henkel et al. 2006) . The application of this technique has revealed that on average, vesicle fusion is slightly slower in chromaffin cells expressing SNAP-25 Δ9. More interestingly, when vesicle motion has been tracked, highly mobile vesicles were seen that represented 1 of every 3 vesicles in cells expressing SNAP-25 Δ9, presenting a 10 times lower probability of fusion than the "normal" less mobile vesicles. Again, the relationship between granule movement and the propensity for fusion is still not clear. It has been proposed that granules increase their movement a few seconds before undergoing fusion (Allersma et al. 2006) , while elsewhere vesicle priming appears to be related with more restricted vesicle movement (Nofal et al. 2007) . The experiments performed by expressing SNAP-25 Δ9 are not inconsistent with the increased vesicle movement reported previously, since a small increase in movement in the last 2 s prior to fusion in cells expressing the wild type form of SNAP-25 would not be distinguished by our measurements. Nevertheless, the different motion of wild-type and SNAP-25 Δ9 clusters, and especially the differences in their probability of fusion, strongly suggest that the structural features of the SNARE complex determine the characteristic movement of SNARE clusters. Moreover, this motion influences the dynamics of the associated vesicles and indeed, the probability of fusion is altered in vesicles with unusual dynamics (Figure 2 ).
Perspectives
Two mayor questions arise from the studies on the movement of SNARE clusters: first, what is the molecular basis of this motion?; and second, how do the dynamic properties of SNARE clusters influence the mobility and fusion of the associated vesicles? Even if we have a clear picture of the structure of the SNARE complex (Sutton et al. 1998), there is little information regarding the structural organization of multicomplexes, or on how T-SNARE dimers associate to form membrane clusters. Gaining insight into these issues will require significant effort to combine microscopy and other structural techniques to define the intermolecular organization of the clusters, for example along the lines indicated by STED microscopy (Sieber et al. 2007) . Another issue that appears to be essential to understand the molecular basis of SNARE cluster dynamics is related to the interactions between SNAREs and the molecular motors involved in the transport of organelles, such as myosins and other cytoskeletal proteins. Initial studies indicate that SNARE clusters are associated with the borders of the cytoskeletal cages that form the intricate F-actin cortex in chromaffin cells (Villanueva et al., 2010) . Therefore, it might be reasonable to think that these microdomains may "sense" the movement of the F-actin-myosin II network (Giner et al., 2007) . It will be essential to understand the hierarchy of such interactions and how the changes in the core complex, such as those induced by SNAP-25 Δ9 expression, are transmitted to modify cluster and vesicle dynamics. In addition, the interactions of SNAREs constituting the molecular machinery for exocytosis and myosins may play at least a regulatory role to maintain efficient "normal" fusion kinetics. It is important to note that modifications in both SNAP-25 (Criado et al., 1999 , Fang et al. 2008 ) and myosin II (Ñeco et al., 2004 (Ñeco et al., , Ñeco et al., 2008 (Ñeco et al., , Berberian et al. 2009 ) modulate the rate of fusion pore expansion. In summary, SNARE microdomain dynamics appears to be a novel and promising issue to be taken into account in order to fully understand the molecular mechanisms involved in the transport and fusion of secretory vesicles. GFP-SNAP-25 (green chains) forms SNARE complexes with a closed conformation (tight complex) with syntaxin-1 (red chain) and synaptobrevin II (blue chain), whereas GFP-SNAP-25 Δ9 forms open "loose" complexes. These structures influence the formation of clusters with different dynamics and consequently, the restriction of the associated vesicles. The probability of fusion of the vesicles is markedly reduced for the highly mobile vesicles, yet elevating intracellular calcium levels promotes the formation of tight complexes.
